Abstract: Bioactive polymeric microspheres can be prepared by means of coating them with a calcium silicate solution and subsequently soaking in a simulated body fluid (SBF). Such combination should allow for the development of bioactive microspheres for several applications in the medical field including tissue engineering carriers. Four types of polymeric microspheres, with different sizes, were used in this work: (i) ethylene-vinyl alcohol copolymer (20-30 lm), (ii) polyamide 12 with 10% magnetite (100 lm), (iii) polyamide 12 (10-30 lm) and (iv) polyamide 12 (300 lm). These microspheres were soaked in a calcium silicate solution at 36.58C for various periods of time under different conditions. Afterwards, they were dried in air at 60 and 1008C for 24 hr. Then, the samples were soaked in SBF for 1, 3, and 7 days. Fourier transformed infrared spectroscopy, thin-film X-ray diffraction, and scanning electron microscopy showed that after the calcium silicate treatment and the subsequent soaking in SBF, the microspheres successfully formed an apatite layer on their surfaces in SBF within 7 days due to the formation of silanol groups, which are effective for apatite formation. '
INTRODUCTION
Hydroxyapatite (HA), one of the major constituent of the bone and teeth, has been often designated as osteointegrating and/or osteoconductive (i.e. bioactive) material. [1] [2] [3] During the last few decades, this bioactive ceramic, in different forms, has been used clinically due to its good biocompatibility 2, 3 and efficacy in promoting biointegration for implants in hard and soft tissue. 2 Moreover, the analysis of the interface between bone and bioactive implant is morphologically comparable to that of cement lines found naturally in bone remodeling sites, and this interfacial layer is formed on chemically active surface of the biomaterials, which is one of the key features in the bonding zone. 4 As it was mentioned above, due to their physiochemical and biological properties, as well as the excellent osteoconductive ability, recently calcium phosphates, such as HA, b-tri-calcium phosphate, have been considered as a potential material to be used as a tissue engineering carrier system. 3, 5 Normally, these ceramics are used in powder and block form for bone repair. 6 Even the use the ceramic granules has an advantage of its adaptability to the shape of bone defect, it has a drawback, which is the migration of the particles from the implant site before the tissue ingrowth starts and the simultaneous lost of the delivery of the therapeutic molecules into the defect site. 6, 7 In the block form, it is difficult to fill the irregular surface of bone defects and to reconstruct the shape of bones completely. 8 To overcome these disadvantages, it is necessary to find a new bioactive material for bone repair which at same time can release a bioactive agent in situ for treatment and prevention of bone infection. Furthermore, when combining these properties with the advantageous bone-bonding properties of calcium-phosphate coating, there is a distinct potential for this material to be used as controlled release systems of either bone-acting drugs or growth factors. In principle, these systems would be able to bond to bone and at the same time act as drug release systems.
Polymeric microspheres are widely used for several applications in the biomedical field, namely as carriers of biologically active agents (anticancer drugs, biologically active amines, and antibiotics, antimicrobial agents). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Besides, it is believed that the use of microspheres can lead to more versatile applications in bone repair and might be useful for designing injectable biomaterial systems. 12 Also, ferrimagnetic microspheres are expected to be useful as thermoseeds for hyperthermic treatment of bone tumors. [16] [17] [18] [19] [20] In the development of new biomaterials for bone regeneration, surface properties must be modified ideally to mimic the tissue to be replaced. Furthermore, a strong bonding between the host bone and the osteoconductive surface is also required. If it is possible to coat the microspheres with an apatite layer, they can be used for bone repair and at same time release an antibiotic in situ for treatment and prevention of bone infection. In addition, if the microspheres contain ferrimagnetic materials, they are expected to be able to treat tumors in deep regions, especially in bone by a heat generation under alternating magnetic field. As result, the heat damage to soft tissue around the bone can be prevented by using these microspheres.
It has been reported [21] [22] [23] that silanol (Si-OH) groups on polymeric materials can induce apatite formation in acellular simulated body fluids (SBF) with ion concentrations nearly equal to those of the human blood plasma. Also, it was demonstrated that when an ethylene-vinyl alcohol copolymer (EVOH) was treated with silane coupling agent and calcium silicate solution and then soaked in SBF a smooth and uniform bonelike apatite layer was able to be formed on the surface of EVOH. 24 However, none have been succeed in uniform coating apatite on polymeric microspheres. The aim of this study is to form Si-OH groups onto polymeric microspheres by means of soaking them in a calcium silicate solution, to obtain bioactive microspheres for bone repair that are able to release in situ an antibiotic for treatment and prevention of bone infection. The same concept can then be applied to the release of other relevant bioactive agents, including different drugs and growth factors.
MATERIALS AND METHODS

Materials
Four types of microspheres with different sizes were used as substrates: (i) ethylene-vinyl alcohol copolymer (EVOH; 20-30 lm), (ii) polyamide 12 with 10% magnetite (PA 12 (10% Fe 3 O 4 ); 100 lm), (iii) polyamide 12 (PA 12; 10-30 lm), (iv) polyamide 12 (PA 12; 300 lm). These microspheres were kindly supplied by Trial Corporation, Kanagawa, Japan.
Calcium Silicate Solution Treatment
Tetraethoxysilane (TEOS: Si(OC 2 H 5 ) 4 ), ultra-pure water, ethyl alcohol (C 2 H 5 OH), 1.0 M-HCl aqueous solution and calcium chloride (CaCl 2 ) were mixed for 10 min at 08C to prepare calcium silicate solution with two different molar ratios as it is shown in the Table I. The microspheres were immediately soaked in 10 mL of calcium silicate solution under two conditions: (i) H 2 O/ TEOS 5 4/1 for 2 hr (condition I) and (ii) H 2 O/TEOS 5 2/1 that has been aged for 168 hr before using, for 5 min (condition II). Then, the flasks were placed in a shaker incubator at 36.58C and 120 strokes/min. The specimen were filtered and then dried in air at 60 and 1008C for 24 hr.
Soaking in Simulated Body Fluid
The obtained microspheres were soaked in 20 mL of a SBF (SBF) 21 
Analyses of Surface and SBF
Surfaces of polymeric microspheres, before and after the solution treatments, were analyzed by field-emission scanning electron microscopy (FE-SEM: S-4700, Hitachi Ltd., Japan) attached with energy-dispersive electron X-ray spectroscopy (EDS: EMAX-7000, Horiba Ltd., Japan), thin film X-ray diffraction (TF-XRD: RINT2500, Rigaku Co., Japan) and Fourier transform attenuated total reflectance infrared spectroscopy (FT-IR: Magna 860, Nicolet Co.). Elemental concentrations of the SBF, before and after soaking the polymeric microspheres, were measured using inductively coupled plasma atomic emission spectrometry (ICP: SPS-1500VR, Seiko Instruments Inc., Japan).
RESULTS
Surface Structural Changes of the Microspheres
After the Calcium Silicate Treatment Figure 1 show the FT-IR spectra of the surfaces of the microspheres, which were subjected to the calcium silicate treatment. For the untreated microspheres, in the IR spectrum of the surfaces of PA 12 (300 lm), PA 12 (10% Fe 3 O 4 ) (100 lm), and PA 12 (10-30 lm) it was possible to identify the typical bands of the amide group (amide I) (around 1634 cm 21 ) assigned to C5O stretching vibration and around 1540 cm 21 (amide II) assigned to NH deformation and to N-C5O symmetric stretching vibration [ Figure  1 All the investigated microspheres could be a quite successfully coated with a calcium silicate layer under different conditions. After the calcium silicate treatment, the reflection peaks of Si-OH groups, which are typically observed for a silica gel, and siloxane (Si-O-Si) bonds were detected in the FT-IR spectra. 25 The presence of Si-OH groups and Si-O-Si bond suggests that TEOS was successfully hydrolyzed to form Si-OH groups and polycondensed to form Si-O-Si network. The intensity of Si-O-Si as well as Si-OH peak was more pronounced for condition II than condition I. This increase, specially the Si-O-Si bond, is usually associated with a higher porosity of the coating. [26] [27] [28] Moreover, the intensity of a broad IR band between 3360 and 3336 cm 21 , which is ascribed to hydroxyl groups, becomes stronger in the condition II indicating that TEOS was completely hydrolyzed into Si-OH groups.
Surface Structural Changes of the Microspheres in SBF
After soaking in SBF it was performed FT-IR analysis to characterize the chemical structure of the obtained calcium phosphate under the different conditions. Figure 2 show FT-IR spectra of the surface of the microspheres, which were subjected to the calcium silicate treatment under condition I or II and subsequently soaked in SBF up to 7 days. After soaking in SBF for 1 day, the reflection peak of phosphate group (PO 3À 4 ) (around 1028 and 1012 cm 21 ) was observed for all microspheres under condition II [ Figure  2 (a2,b2) and 2(c,d)]. 29 As the soaking time in SBF increase, the phosphate band becomes sharper and a well defined band. However, for PA 12 (300 lm) under condition I it was only possible to detect the phosphate group after 3 days in SBF [ Figure 2(a1) ]. As for PA 12 (10% Fe 3 O 4 ) (100 lm) under the condition I no phosphate groups were possible detected up to 7 days in SBF.
Moreover, a reflection peak associated with carbonate substitution around 864 cm 21 was observed in the collected spectra for PA 12 (300 lm) under condition I and II and for PA 12 (10% Fe 3 O 4 ) (100 lm) and EVOH (20-30 lm) under condition II (Figure 2) . Figure 3 shows TF-XRD patterns of the surfaces of PA 12 (300 lm), PA 12 (10% Fe 3 O 4 ) (100 lm), EVOH (20-30 lm), and PA 12 (10-30 lm) microspheres, which were coated with a calcium silicate layer under condition I or II and subsequently soaked in SBF up to 7 days.
For both conditions I and II, the structure of all microspheres was not changed even after the coating, giving the same diffraction patterns as the untreated microspheres, which means that the microspheres were completely coated with a calcium silicate layer. In the case of PA 12 (10% Fe 3 O 4 ) microspheres, the diffraction peak of maghemite phase (c-Fe 2 O 3 -ASTM JCPDS 25-1402) disappeared after the calcium silicate treatment but the diffraction peak of magnetite phase (Fe 3 O 4 -ASTM JCPDS 11-0614) was still detected, although its intensity was significantly reduced [ Figure 3(c) ]. It can be seen from Figure 3 that after 7 days in SBF, the TF-XRD patterns showed several diffraction maxima that can be assigned to an apatite-like phase (ASTM JCPDS 9-432), for both conditions and for all materials, although the intensity of apatite peaks was not so high in some cases [ Figure 3(a,d) ].
However, for condition I, only the microspheres PA 12 (300 lm) formed an apatite layer after 7 days in SBF, as it is shown in Figure 3 . These differences might be attributed to a further progress of hydrolysis and polycondensation of TEOS in the calcium silicate solution due to a long aging period of 168 hr in condition II. When the PA 12 (300 lm) and PA 12 (10% Fe 3 O 4 ) (100 lm) microspheres, which were coated with a calcium silicate layer under condition I, were soaked in SBF up to 7 days, only the PA 12 (300 lm) microspheres could be completely covered with a uniform apatite layer within Figure 4(a) ]. However even after 7 days in SBF, this layer was very fine (around 1.5 and 1 lm) and not dense, which was in agreement with the TF-XRD in Figure  3 (a). For PA 12 (10% Fe 3 O 4 ) (100 lm) the formation of an apatite layer was not observed even after 7 days in SBF as it is shown in the Figure 5(a) .
days [
For condition II, all the investigated microspheres showed an ability to induce the formation of an apatite layer within 1 day in SBF as it is shown in the Figures  4(b), 5(b), 6(a,b) . Moreover, at higher magnifications it is evidenced a finer structure where needle-like crystals are agglomerated.
For PA 12 (300 lm) microspheres, it can be seen the increase of thickness of the apatite coating as function of soaking time in SBF, it goes from 700 nm to 1 lm [ Figure  4 (b)].
However, for the PA 12 (10% Fe 3 O 4 ) (100 lm) the apatite coating was not so uniform and from the SEM micrographs it can be observed that there is no significant differences between the periods of soaking in SBF in terms of thickness of the apatite layer, that is appears to be too thin [ Figure 5(b) ].
For EVOH (20-30 lm), the formation of an apatite layer was observed after the calcium silicate treatment in condition II and the subsequent soaking in SBF for 1 day. In the Figure 6 (a) it can be seen that the apatite layer was very dense and compact, a thickness is $1.5 lm. On the other hand, an aggregation of these microspheres was found to occur quite easily both in a calcium silicate solution as well as in SBF as it is shown in the Figure 6 By EDS measurement, it was detected an appreciable quantity of silicon (Si), chlorine (Cl) and calcium (Ca) was detected on the surface of all microspheres after the calcium silicate treatment under the conditions I and II (Figures 4, 5 and 6 ). It can be observed that the peak intensities of Ca and Si differ from the condition I and II, and also from the size of the microspheres. In the case of PA 12 (10% Fe 3 O 4 ) microspheres after the calcium silicate treated under the condition I or II, the EDS spectra show a signal of iron (Fe) ( After soaking in SBF for 3 days, an appreciable amount of calcium (Ca) and phosphorus (P) was detected on the surface of the PA 12 (300 lm) microspheres which were treated with a calcium silicate solution under the condition I [ Figure 4(a) ]. When the microspheres were treated with a calcium silicate solution under the condition II, after only 1 day in SBF, a significant quantity of Ca and P was detected [ Figure 4(b) ]. The intensity of Ca and P peaks increased significantly with increasing soaking time in SBF.
As for PA 12 (10% Fe 3 O 4 ) microspheres, only under the condition II, a strong signal ascribed to P and Ca was detected after 1 day in SBF. Also, for the other microspheres, EVOH and PA 12 (10-30 lm), which were also coated under the condition II, it was detected the presence of the Ca and P elements after only 1 day in SBF [ Figure  6(a,b) ]. As the soaking time in SBF increased, the intensity of Ca and P signals increased significantly. However, for PA 12 (10-30 lm) microspheres treated with a calcium silicate solution under condition II, the signal of the Ca and P elements was detected after 1 day in SBF, although their intensity was lower even after 7 days in SBF and also, the signal of Si continues to be detected as it can be seen in the Figure 6(b) . From the EDS and FT-IR results, it was found that a calcium silicate layer, rich in Ca ions and Si-OH groups, was formed on all the microspheres. These results are in good agreement with ones obtained from the TF-XRD analysis in Figure 3 . Figure 7 shows the concentrations of calcium, phosphorus and silicon in the SBF for PA 12 (300 lm), PA 12 (10% Fe 3 O 4 ) (100 lm), EVOH (20-30 lm) and PA 12 (10-30 lm) microspheres, which were coated with a calcium silicate layer under condition I or II, as result of soaking.
In the condition I and II, for the PA 12 (300 lm) and PA 12 (10% Fe 3 O 4 ) (100 lm) microspheres, the calcium concentration increased at an early stage due to the release of calcium ions from the surface of the specimen into SBF. As for the phosphorus concentration there was an accentuated decreased with increasing soaking time. Furthermore, an appreciable increase in silicon concentration was observed for all investigated microspheres. However, this increase was more accentuated for the microspheres which were coated with a calcium silicate layer under the condition II.
As the soaking time in SBF increase a decrease in calcium and phosphorus concentrations was observed due to the nucleation and growth of apatite on the microspheres.
DISCUSSION
As shown in the Figures 2, 3 and 4-6, the microspheres treated with calcium silicate solutions under the condition II formed apatite on their surfaces within 1 day of immersion in SBF. However, the apatite layer was very thin in almost all the microspheres and with further soaking in time in SBF the thickness didn't increase significantly, which can be due to the rapid consuming of phosphate ions from the SBF in first 24 hr as it is shown in the Figure 7 .
The presence of Si-OH groups, effective in inducing apatite nucleation, 22, 23, [30] [31] [32] [33] on the microspheres before soaking in SBF is almost the same for both conditions ( Figure  1 ). However, in terms of the structure of the calcium silicate coating, there were significant differences between the two conditions, which result from the molar ratios of H 2 O/ TEOS in condition I and condition II which were 4/1 and 2/1, respectively. When the H 2 O/TEOS molar ratio of the calcium silicate solution decreased, the time for gelation also decreases. 34 As a result, the calcium silicate solution in condition II gives a higher viscosity to form a uniform calcium silicate layer on the surfaces of the microspheres. Moreover, the calcium silicate layer obtained in condition II had a more porous structure than that in condition I (Figures 4 and 5) , since a fast gelation rate gives an open structure. 35 These results are in agreement with the ones obtained from FT-IR [ Figure 1(a,b) ] where the intensity of Si-O-Si band was very high for the calcium silicate under the condition II. Related with the apatite nucleation, it has been demonstrated 31, 32, 36 that the porous structure in the silica gels favors the induction of apatite layer. If pores are assumed as a nucleation sites, the ionic concentration inside the pores is higher than at any other part of the surface, and the degree of supersaturation required for heterogeneous nucleation is more likely to occur inside the pore. This was reported by Hench and coworkers. 36 As result, the calcium silicate layer formed in condition II dissolved into SBF more rapidly than that formed in condition I, and hence the induction time for apatite formation is reduced. From the ICP results in Figure 7 , it was shown that the release of silicon was higher for the condition II than for the condition I due to the porosity present in the calcium silicate coating. The release of silicon is attributed to the dissolution of silicon ions from the calcium silicate layer, which results in a formation of the Si-OH groups. These groups are responsible for the apatite nucleation. The amount of these groups can be speculated by the rate of the dissolution of the silica into the SBF, because the dissolution of the silica gel, in this case calcium silicate gel, proceeds via hydrolysis of the silica. 22, 37 Furthermore, these results indicate that besides the presence of a relatively high density of Si-OH on the microspheres surface, the structure of calcium silicate layer is a prerequisite for apatite formation in the body environment, in which depends on method of preparation, greatly affects the nucleation rate. The induction time for apatite nucleation decreases with a porous structure, since the number of nucleation of sites, defined by the textural characteristics of the coating, and the diffusion of the ions into the pores might control the nucleation rate. 36 When the calcium silicate-coated microspheres were soaked in SBF, the calcium ions in the calcium silicate layer were released into SBF to form many Si-OH groups and simultaneously increased the ionic activity product of the surrounding fluid with respect to apatite. The Si-OH groups induced the apatite nucleation, and the increased ionic activity product accelerates the nucleation rate of apatite. Once apatite nuclei are formed, they can spontaneously grow into a uniform layer by consuming the calcium and phosphate ions from the SBF, since SBF is already highly supersaturated with respect to apatite. 38 This is supported by the results obtained by the measurements of calcium and phosphorus concentrations of SBF shown in the Figure 7 . These bioactive microspheres may be useful for bone tumors as well as for bone repair and at same time release an antibiotic in situ for treatment and prevention of bone infection associating the osteoconductivity of the material. Therefore, combining the properties of these microspheres, it is possible to have a material that can act as a two in one-repair and release-that would eventually augment a range of folds in the repair/regeneration and ultimately, improves quality of life of the patient. Moreover, the obtained microspheres can be used for further scaffold production by means of applying a particle aggregation processing route, into particular shapes and with defined pore sizes, for bone tissue engineering.
CONCLUSIONS
A uniform apatite layer could be successfully formed in SBF within 1 day on polyamide 12, magnetite-containing polyamide 12 and EVOH microspheres, when they were previously treated with calcium silicate solution under the condition II. Moreover, it was shown that a calcium silicate layer, with a porous structure, rich in calcium ions and Si-OH groups, was able to be formed on the microspheres by the present method and has the ability to induce the formation of an apatite layer. The resultant microspheres with apatite-forming ability are a very promising material to be used in the bone repair and regeneration field. Finally, it is worth to state that this work is one of the first reports on the coating of microspheres with biomimetic calcium-phosphate layers.
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